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ABSTRACT 
 
 The goal of total joint replacement (TJR) is to replace nonfunctioning joint 
components and relieve pain, improve quality of life, and to improve joint function. 
Although TJR is a successful procedure, more than 54,000 knee revisions occur each 
year due to factors, such as wear, loosening, infection, fracture, instability, and patient 
related factors (Ranawat, 2010).  TJRs consist of components typically composed of 
polyethylene and a metallic counterface (Navarro, 2008). The sliding contact that occurs 
between the metal and polyethylene components has been well studied and is shown to 
produce both surface damage and wear of the implant components (Barbour, 1997; 
Fisher, 1991; Jin, 1995). Although extensive work has concentrated on the polyethylene 
surfaces, less effort has been placed on understanding wear of the metallic surface of 
these devices (Barbour, 2000, 1997; Firkins, 1998; Fisher, 1995). Metallic femoral 
components are exposed to scratches and roughening of the surfaces, which can limit the 
service lifetime of the metallic component (Jasty, 1994; Mcgrory 2012; Mirgahny, 
2004).     
The goal of this study is to determine how scratch morphologies change when 
articulated against polyethylene. Previous studies have shown that scratches on retrieved 
femoral components form material pile up along the scratch with heights ranging from 
0.1 to 1 µm high (Jasty 1994; Mcnie 1994).  The work presented in this thesis includes 
the replication of scratches similar to those seen in retrieved metallic components on five 
fabricated F74 cobalt chrome (CoCr) (DJO Austin, TX) wear testing pins; scratch 
morphology was characterized utilizing a non-contact surface profilometer (WYKO 
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NT2000, Veeco Corp., Tucson, AZ). These CoCr pins were exposed to tribologic 
conditions similar to a TKR environment replicated in an in-vitro pin-on-disk wear test; 
CoCr pins applied a normal load against machined UHMWPE disks on a multi-
directional six station pin-on-disk machine wear tester (Orthopod
TM
, Advanced 
Mechanical Technology Inc, Waltham, MA). The wear test was conducted to 80 km of 
sliding to replicate approximately ~4 years of in-vivo function (Desjardins, 2008). The 
surfaces of the pins were analyzed for morphologic changes in scratch architecture 
during 10 km intervals.  Results from this work provide data to interpret how different 
scratch severities evolve and their contribution to metal debris over time. 
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CHAPTER ONE 
 
INTRODUCTION 
 
The purpose of the research presented in this thesis is to evaluate how scratch 
morphologies evolve when articulating with polyethylene. This is accomplished through 
an 80 Km in-vitro pin-on-disk study and surface analysis.  The pin-on-disk test included 
six cobalt chrome (CoCr) pins that were scratched under controlled conditions to 
replicate in-vivo scratch damage seen in explanted joint replacements.  Scratch 
morphologies were topographically analyzed and evaluated throughout the wear test to 
quantify the change in their morphology as a function of sliding distance.  Hardness was 
also evaluated at 0 and 80 km to quantify changes in hardness at different areas of the 
pin-articulating surface.  The results from this work can also be used to explore a 
relationship between scratch morphology and sliding distance and determine if any 
changes in metal bearing hardness occur due to wear. 
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Significance 
Historically, extensive work has been concentrated on the retrieved polymeric 
surfaces used in total joint replacements; however, less effort has been placed on 
understanding the damage mechanisms and wear of the metallic surface within devices 
(Minakawa et al., 1998; A. Wang, 2001; Wang, 1998).  Polymeric surfaces have been the 
main focus because debris from the polymer can cause adverse cellular reactions that lead 
to possible localized osteolysis and implant loosening (Harris, 1995; Hirakawa, 2000).   
Even though significant focus has been given to the polymeric component, retrieved 
metallic components have also shown surface damage and debris, which can be caused 
by many factors, including the presence of third wear particles (Jasty, Bragdon, Lee, 
Hanson, & Harris, 1994).  
 Metallic surface analysis can be used to determine changes in surface material 
properties, surface damage severity, and surface tribological properties as a function of 
implantation time, and it can help guide manufacturing improvements in the development 
of scratch resistant counterfaces.  An experimental procedure was developed in our 
laboratory (Alvarez, 2012) to identify, quantify, and reproduce surface damage observed 
on retrieved femoral components. This was accomplished by evaluating damage, 
roughness, and mechanical properties observed on a small set of retrieved metallic 
femoral components (Alvarez, 2012).  This study used this procedure to reproduce 
scratches on CoCr pins with similar morphologies as those seen in retrieved implants and 
results showed scratches had an average height pile-up of 0.15±0.34 µm, average width 
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25±34 µm, and average depth of -0.4±0.44 µm.  These parameters were used for this 
current study.  
The broader goals of this work are to develop the tools needed to determine a 
relationship between scratches observed on retrieved femoral components and 
implantation time to estimate the lifetime of scratches, to quantify how physiologically-
relevant metallic surface scratching affects materials, and how sliding contact affects the 
surface morphology of scratches.  Analysis of scratch morphology and microhardness of 
the metal counterface prior and after wear testing provide an understanding of how 
different scratches evolve over time and the change in material strength. 
Components Used in Total Joint Replacements 
 Components used in total joint replacements (TJR) are made up of materials such 
as metals, ceramics, polymers, and composites; these materials have a certain criteria 
they must achieve if they are to be selected for implantation (Katti, 2004).  Katti defines 
this criterion as the following: the material is highly compatible and does not cause an 
inflammatory or toxic response beyond a tolerable level, it has appropriate mechanical 
properties (closest to bone) and the manufacturing and processing methods are 
economically viable. 
Typically, a total knee replacement (TKR) consists of four components: a tibial 
component, a femoral component, a patellar component, and a plastic (polyethylene) 
insert. During surgery, up to three bone surfaces may be replaced: the distal ends of the 
femur, the proximal surface of the tibia, and the distal surface of the patella. The femur is 
replaced with a metallic component while the polyethylene insert rests on a tray as seen 
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in figure 1.  This set-up should provide smooth movement and results in minimal wear 
(Sivarasu, 2008).   Designs for TKRs are focused on range of motion allowable by the 
components and the amount of forces it is capable of withstanding.   
 
 Total hip replacements (THR) consist of two main components as well: a cup type 
and a long femoral stem. The femoral stem is typically made up of metal and it is inserted 
into the top of the femur.  The femoral head is also replaced with a metallic or ceramic 
component, and the acetabular cup is inserted (typically composed of polyethylene). The 
point of articulation is between the ball and the acetabular bearing surfaces as seen in 
figure 2.  
Figure 1: Components in a TKR consist of metallic femoral components articulating 
against a polyethylene tibial insert. [Printed without permission] 
(Sivarasu & Mathew, 2008) 
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Components used in total joint replacements are generally held in place by using 
bone cement.  Bone cement is a two-component material; the two main components are a 
powder consisting of copolymers based on the substance polymethyl methacrylate 
(PMMA), and a liquid monomer, methylmethacrylate (MMA) (D. C. Lee & Jang, 
1996).The use of bone cement is dependent on the quality of the surrounding bone; 
osteoporotic bone may not exhibit bone in-growth to the component, leading to instability 
and loosening.  Bone cement has been shown to cause damage to metal components; 
Jasty, et al. performed a study in which they looked at the damage rate for retrieved 
cemented and uncemented CoCr alloy femoral heads.  This study reported that there was 
a higher rate of damage in the uncemented implants than cemented ones, suggesting that 
bone cement is not the only particle that causes damage. It also pointed out that some 
damage could have also been caused by metal debris (Jatsy, 1994).   This study was 
Figure 2: Components in THR consist of the femoral head 
articulating against the acetabular cup [Printed without 
permission] 
(http://www.soactivesofast.com/default.aspx?pageid=1528) 
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performed after Isaac et al. had reported scratches seen on stainless-steel components, 
which they declared were caused by bone cement (Isaac, 1987).  These studies 
demonstrate how metallic components used for TJRs are exposed to damage (e.g. 
scratches) due to third wear particles, such as bone cement, bone, and polyethylene 
debris.  These scratches have been noted to cause material pile-ups with different 
geometries that are believed to evolve over time as components articulate against each 
other during patient activity (Barbour, 2000; Isaac, 1987, Jasty, 1994). 
Loads seen in the knee can be up to eight times the person’s body weight, 
depending on the activity they are performing; as third wear particles are entrapped 
between articulating surfaces, these third wear particles can experience contact stresses 
can reach up to 60 MPa, depending on the conformity of the polyethylene surface 
(Dowson, 1987; Bartel, 1995; Walker, 1996). The sliding contact distances of articulating 
counterfaces have been estimated to be approximately 20.8-20.1 mm per gait cycle; 
Assuming a person completes approximately 1 million cycles per year, this leads to a 
sliding distance of ~20 km per year for the counterfaces (DesJardins, 2008).  Using this 
approximation, 80 km of sliding distance would equal four years of sliding distance, 
which is similar to the average implantation for the 21 CoCr retrieved femoral 
components examined in a previous student conducted in our laboratory  (Alvarez, 2012).   
 Studies have shown that components used in TJRs usually fail due to wear 
observed on retrieved polyethylene and metallic components (Jasty, 1994; Walker, 1999; 
Wright, 2000). Efforts to improve TJR longevity have been mainly focused on the 
polyethylene component, due to its of wear debris that stimulates biological responses 
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(Ingham, 2000).  Earlier designs have included polytetrafluoroethylene (PTFE) for these 
polymeric bearings; however, they wore out rather quickly, causing inflammation and 
pain within two to three years after implantation (Charnley, 1963).  In order to increase 
implant longevity, ultrahigh molecular weight polyethylene (UHMWPE) was created.  It 
is a highly stable polymeric system, has a low coefficient of friction, wears little over a 
long term of use, and it is biocompatible (Kurtz, 2004). Further to reduce the wear of 
UHMWPE, researchers have included cross-linking, which it affects its mechanical 
properties (Kurtz, 2005).  However, it has been reported that cross-linked UHMWPE 
does decrease the wear rate and weight loss when articulated against CoCr counterfaces 
(Muratoglu, 1999; Harsha, 2013). These features can increase the performance of 
components in TJRs.  
UHMWPE is conventionally used as an articulating surface with a metal 
counterface (typically CoCr).  According to the Swedish hip registry, more than 90% of 
all TJR procedures that use UHMWPE bearing surfaces survive more than 10 years.  
After 10 years the survivorship drops to 78% (Forster, 2003; Röhrl, Nivbrant, 2005).  
This decrease in survivorship could be linked to an increase in surface roughness and 
amount of scratches seen on the metallic components throughout implantation time.  
Retrieval studies have shown that metallic surfaces experience damage (e.g. scratches) 
and an increase in surface roughness due to in-vivo articulation and entrapment of third 
wear particle between components (Minakawa, 1998; Mcnie, 2000; Scholes, 2013).   
Some in-vitro studies have determined that increased surface roughness and 
scratches observed on femoral components increase wear rates for polyethylene inserts 
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(Firkins, 1998; Minakawa, 1998).  Dowson et al. reported that scratches on metallic 
components with higher pile-ups cause a increased polyethylene wear rate (Dowson, 
1987).  They compared wear rates between a smooth metal surfaces and a scratched 
metal surfaces, and determined that were scratched caused a higher wear rate and higher 
weight loss; these results show that scratches formed on metallic components can affect 
the longevity of components in a TJR. 
 It is important to understand how contact between TJR components affects 
different scratch severities to better understand how different scratches contribute to 
metal debris as it is sliding against the polyethylene counterface over implantation time.  
Evaluating how polyethylene components affects the wear of different scratch severities 
during a controlled wear study using the same materials used for TJR components will 
enable the estimation of how different scratches evolve over a specific sliding distances.     
In-Vivo Surface Damage and Wear 
 The number of primary and revision TJRs is increasing due to damage and wear 
that occurs during in-vivo activities and this is seen in Figure 3, which shows the 
projected number of primary and revision procedures to be performed throughout 2030 
(Kurtz, 2007).  A number of studies have demonstrated that wear is the major limitation  
for TJR longevity and the reason for the occurrence of revisions (Jacobs, 2001; 
McKellop, 2008; Naudie, 2007, Orhun, 1999).  Damage seen in retrieved metallic 
components includes: fracture, tool damage before/after implantation/retrieval, adhesive 
wear, dulling, linear and circular abrasion, scratching, or pitting.  These types of damage 
are part of a “Damage Mode Atlas” created in our laboratory (Alvarez, 2012). This Atlas  
 9 
 
 
 
 
 
 
 
 
 
was created to enhance the analysis and characterization of in-vivo wear and damage 
seen in retrieved metallic components (Alvarez, 2012).   Prior to this study, there was no 
widely accepted standard to characterize the severity of a damaged metallic surface, 
making it difficult to determine how damage seen on a femoral metallic component 
influences the longevity of a total joint replacement.    
The standard was created using a limited number of retrieved implants and a set 
of standardized assessments, which included damage scoring and non-contact 
profilometry (Alvarez, 2012).  Scratch parameters were obtained using the measurements 
and images obtained from the non-contact profilometry.  These results helped quantify 
and interpret the surface damage of retrieved total joint replacements, allowing for the 
reproduction of the damage types and scratches using in-vitro tests in an in-vivo 
environment.  Other retrieval studies in literature have also focused on the mechanisms 
Figure 3:  Prediction for the number of primary TJR procedures (left) 
and revision TJR procedure, which includes the removal and 
replacement of old components (right) [Printed without permission].  
(Kurtz, 2007) 
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that cause metal surface damage using in-vitro tests; however, those tests have focused on 
the damage observed on the polyethylene (Firkins,  1998; Fisher, 1998).   
 Loads occurring during patient activity have been noted to cause an increase in 
surface roughness of bearing surfaces, which affects the friction between the components 
in the in-vivo environment (Blunn, 1997; Muratoglu, 2004).  Implant retrievals, as well 
as in-vitro studies, have shown that the metallic surfaces in the total joint replacement 
components are subject to surface damage and roughening (Figure 4) (Affatato, 2013).  
Affatato et al. reported that visible metallic component damage occurred throughout the 
study.  Scratched, or damaged, metallic surfaces increase the potential for UHMWPE 
wear.  Each day of patient activity releases millions of microscopic wear particles into the 
tissues around the joint, causing debris that can initiate osteolysis and loosening of the 
components with respect to the bone (Harsha, 2012; Alvarez, 2012).  Debris can be 
attributed to polyethylene, metal, bone, or PMMA, and it commonly promotes aseptic 
loosening (Jasty, 1993; Ingham, 2000). Loosening will lead to implant revision, a 
procedure that involves the removal of the damaged implant and replacement with new 
components; a revision operation is usually more complex than the primary operation.  
 
Figure 4:  Scratches were observed on the metal surface after an in-vitro test [Printed without permission] 
(Affatato, 2013) 
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Damage seen on metallic surfaces may occur from a variety of reasons.  The first 
possibility can come from surgical instrumentation prior to implantation.  Once the 
components are implanted, third body wear debris can cause the formation of scratches 
on the metallic surface. Third body particles could include bone chips, bone cement, or 
even metallic debris.  Studies have determined that change in surface roughness and 
surface finish increases as the particle size and hardness increases, which suggests a 
larger amount of metal debris could lead to higher wear (Harris, 1995; Hirakawa, 2000; 
Jasty, 1994; Mirghany, 2005).   
 Another characteristic that can be affected by the articulation of a TJR is the 
hardness of the material (McGrory, 2012).  While some studies (Li, 2005; Roy, 2010) 
have focused on reporting the hardness of a metallic component prior to implantation, 
there was no quantification of metallic hardness for different metals as a function of 
implantation time.  Alvarez (Alvarez, 2012) completed a preliminary study in which the 
group quantified the hardness of retrieved TKR femoral components to investigate if the 
metallic properties are affected by the in-vivo use.  Results showed that the hardness did 
not have a significant change in relation to implantation time; however, the surface that 
was evaluated was not an articulating surface.  Therefore, there was not a quantification 
of the metallic surface area that was being worn against the polyethylene counterface. 
 Wear mechanisms of the knee vary as the knee joint undergoes rolling, sliding 
and rotation.  These different movements do not just cause wear in the polyethylene that 
the metal is contacting, but also on the metal itself.  Bhushan et al. noted that as a metal 
was worn down, the hardness increased; therefore it was recommended that hardness be 
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investigated on the articulating surface of a total knee replacement as it is experiencing 
wear and damage during in-vivo activities (Bhushan, 2007). Hardness measured on the 
articulating surface could give a better understanding of how damage on metallic surfaces 
affects hardness of the articulating surfaces.  
Metal debris is material being transferred from metal surfaces to the joint space as 
a result of the articulation between the metal and plastic component, resulting in a 
specific biological response (Gupta, 2007).  Alvarez reported that the cross-sectional area 
of scratch pile-ups on CoCr wear testing pins decreased in area as a function of sliding 
distance when articulating against a UHMWPE counterface.  Metallic material loss could 
also be transferred to the polyethylene counterface, causing metal debris to increase 
damage on the metallic component, increase friction and increase the wear rate.  It is 
important to determine how different scratch geometries are affected by wear between the 
two articulating surfaces. 
Failure of implants can occur due to infection and damage, which can be caused 
by scratches on surfaces.  Theses observed scratches have been reported as a result of 
third wear particles wearing down metallic components and have resulted in different 
geometries.  It has been reported that pile-ups caused by scratches can range from 0.1 to 1 
µm  in height, and depths can be reach down to 4 µm (Jasty, 1994; Mcnie 2000).  Past 
studies have quantified the loss of scratch material on metallic components by reporting a 
decrease in scratch pile-up height and increase in FWHM (Barbour, 2000; Alvarez, 2012) 
as the metal component was loaded against a polyethylene counterface.  However, 
different scratch geometries will undergo different contact pressures depending on shape, 
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height, width, etc. Therefore the study presented in this thesis focuses on determining 
how scratches with different geometries evolve over time to understand how geometry 
affects the amount of material that is contributing to metal debris and the rate at which 
each material piled up from scratching is removed. It has been suggested that a scratch 
will eventually become smooth and the troughs will be fill with debris, causing wear rate 
to essentially decrease over time (Jasty, 1994).  A method to predict when different 
scratch geometries will become smooth can be created by investigating a set of scratches 
throughout a controlled wear test and recording how each scratch geometry evolves over 
time.   
Pin-on-Disk Studies 
Extending the longevity of total joint replacements has been the subject of 
ongoing research in the orthopaedic community (Alvarez, 2012; Chiba, 2007; Fisher, 
1995; Jasty, 1994). As a result, research has been focusing on the improvement of wear 
behavior in total joint replacements.  This focus has led to the use of in-vitro pin-on-disk 
wear tests.  Pin-on-disk testing does not necessarily reflect the kinematics of total joint 
replacements (such as TKRs or THRs), but they provide an alternative for material wear 
simulation.  This is a great cost-effective alternative considering that it is cheaper when 
compared to knee or hip simulators. Additionally, pin-on-disk systems provide a test that 
helps predict wear results in a controlled and relatively inexpensive manner.  Results 
from these systems can also be extrapolated to predict results from a longer study; the 
disadvantage to this is that those results are not as predictive of actual in-vivo conditions. 
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 Common procedures performed during a pin-on-disk test include the machining 
of, as the name indicates, a pin and a disk to fit in the machine used.  Experiments 
constructed in the past have typically used UHWMPE and CoCr as the bearing 
surfaces(Alvarez, 2012; Bragdon, 2001; Chiba, 2007; Good, 1996; Harsha, 2011; Katti, 
2004; Navarro, 2008).  Lubrication has consistently been used to replicate in-vivo 
environments, with bovine serum being recommended over water by several international 
standards for wear testing of artificial joints; however, prior to 1990 water was the main 
lubrication used in wear tests (Fisher, 1995; Lee, 1996; Peers, 2006).  Bovine serum is 
has been shown to produce similar wear mechanisms, debris morphology, and surface 
appearance of counterfaces for in-vitro studies when compared to clinical performance.  
Although bovine serum has shown similar wear results in literature, there are still some 
downfalls. It does not have similar constituents or properties as synovial fluid.  Also, 
since it is an organic material, bovine serum does show important batch-to-batch 
differences.  Studies have also reported that wear of prosthetic joints during in-vitro 
testing is affected significantly by the concentration, volume, and characteristics of 
proteins in bovine serum (Firkins, 1998; Good, 1996; Harsha, 2011; Katti, 2004; 
Navarro, 2008; Sivarasu, 2008).   
Wear seen in polyethylene has been characterized in a number of studies that have 
reported UHMWPE surface characterization and wear rates throughout the study 
(Davidson, 1993; Fisher, 1993; Lee, 1996).  Studies have looked at how factors such as 
contact stresses, damage and coating on counterfaces, and cross-linking affect UHMWPE 
wear. For example, different types of chemical cross-linked polyethylene have been 
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characterized for weight change and surface characterization as a function of cycles, yet 
they do not quantify any damage seen on the metallic counterface (Davidson, 1993; 
Fisher, 1995; Katti, 2004; Lee, 1996; Peers, 2006).  Other studies have used different 
coatings on the metallic surfaces; however, they also focused on the damage and wear 
seen on the polyethylene (Firkins, 1998; Sivarasu, 2008; Walker, 1996).  This study will 
focus on how the metal counterface damage is affected while being loaded against 
UHMWPE pucks, rather than the effect of the metal on the UHMWPE. 
Some studies have characterized the scratches seen in the metallic counterface 
seen in retrieval studies of total hip replacements.  Fisher et al. conducted a wear test 
using a scratched surface with scratch parameters similar to those seen in a retrieved 
femoral head.  The metallic disk was scratched with a diamond indenter and limited 
scratch parameters were documented prior to start of the pin-on-disk procedure, though, 
they did not report changes seen in the surface roughness or scratch parameters as the test 
was run.  Their main focus was to study the effect of the scratched metallic surfaces on 
the wear rate of the polyethylene.  Barbour et al. would later report a similar wear test, 
except this group used a THR simulator configuration.  They would also focus on the 
effects of a scratched femoral head on the wear rate of polyethylene and would evaluate 
the scratch geometry of the scratched femoral heads.  They also concluded that using a 
diamond stylus to generate scratches similar to those seen in-vivo when a metallic 
component has become severely damaged is accurate for scratch replication. 
 A preliminary study in our laboratory ran a pin-on-disk test to provide a 
foundation to characterize scratches observed on a retrieved femoral component and 
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predict the implant service lifetime based on scratch parameters measured.  This study 
developed a methodology to replicate scratches with similar roughness and scratches as 
those observed on retrievals, as well as a protocol to quantify and assess changes in 
scratch parameters as a function of sliding distance under in-vivo TJR conditions.  
Controlled scratches were made to evaluate the scratch-resistance of metallic femoral 
components under in-vivo conditions.  Scratches were replicated as those seen in the 
retrieval study performed by the CU-REPRO program at Clemson University.  Our lab 
has quantified the surface roughness and scratch geometries of retrieved metallic femoral 
components using a non-contact surface profilometer and the collection of retrieved 
implants in the CU-REPRO program. 
Hardness of the metallic pins was evaluated on metal surfaces subjected to 40 km 
of sliding distance before and after testing to account for a significant change in the 
articulating surface of the pins.  Results from the sliding distance used in this study (40 
km) did not provide conclusive data to develop a clear trend in scratch evolution.   
Further recommendations from this the pilot study included increasing the sliding 
distance to obtain surface characteristics that would be similar to those seen in retrieved 
femoral components.  For this study, we followed those recommendations and increased 
the sliding distance to evaluate if there is a significant difference in scratch parameters 
and surface roughness following the pin-on-disk test.  The results from a pin-on-disk 
study can provide a prediction of how much sliding distance would cause a significant 
change in the metal counterface scratch morphology.  This data could then be used as an 
input to a model for the estimation of scratch lifetime seen on retrieved implants.    
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Metallic Biomaterials in Total Joint Replacements 
Metals have been the primary materials in the past to use in total joint 
replacements due to their favorable mechanical properties such as high hardness, high 
fatigue strength and biocompatibility, wear resistance, corrosion resistance, and excellent 
osteointegration in order to meet ideal tribological properties of the human joints.  As 
mentioned earlier, femoral components in total joint replacements must be able to rest a 
load of 3 to 8x body weight and it should minimize stress shielding.   
There are five steps involved in the manufacturing process of orthopaedic 
implants: manufacture of alloys and raw materials, casting, machining/finishing, coating, 
and packaging and sterilization (Mendenhall Associates, 1992).  Metals for cast cobalt 
chrome are melted in a furnace, and then are removed from continuous casting 
equipment; they are in the shape of thick rods when they are removed.  Rods are then cut 
and sent to the next procedure (casting and forging) (Mendenhall Associates, 1992).  
Casting and forging are performed to create the intermediate forms for components in 
TJRs.  The heated metal is pounded with hammers against a die in the shape of the final 
product desired.  Forging is advantageous due to the fact that it produces a harder 
material, while casting creates a wax model of the final product.  Titanium and CoCr are 
forged, however, only CoCr is casted due to titanium melting at the temperatures required 
for casting; material wear performance has been linked to the heat treatment of alloys 
used in TJRs (Varano, 2006).  Machining includes the use of a lathe or milling machines 
to cut the shapes of the components, and it also includes hand polishing of the surfaces 
(Mendenhall, 1992).  Coatings on implants are dependent of the manufacturer and/or 
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implant design.  Heating is used to bond coatings to the implants, which may cause a loss 
in metal hardness, therefore these components go through additional heat treatment.  At 
the end, these completed implants are cleaned, packaged and sterilized using gamma 
radiation (Mendenhal Associates, 1992).   
Metallic components are usually five to six times stiffer than bone, and can result 
in problems with stress shielding.  Stress shielding can lead to bone loss and/or loosening 
of component since the pattern of stresses within the bones is disrupted.  Some parts in 
the bone experience less stress, therefore the body’s reaction to tissues that are not being 
used is to stop maintaining them.  Lack of maintenance will cause the bone to stop 
regeneration and the joint will become loose and painful.  In addition to stress shielding, 
biological loosing occurs due to the wear particles induced by the metallic component.   
In order to avoid these problems, the ideal metallic femoral head or femoral component 
in TKR must follow the select characteristics. Some of the materials that have been used 
include:  CoCr, stainless steel, Ti-6Al-4V, and oxidized zirconium.  Some of these 
materials can be modified with TiN deposited hard coatings or DLC-diamond like 
coatings.   
 Originally, THR femoral head components were composed of stainless steel.  
Later, Co-Cr-Mo replaced this material due to the poor surface quality of stainless steel 
under physiological conditions (corrosion) (Davidson, 1993; Katti, 2004; Navarro, 2008; 
Sheehan, 1985; Wang, 2011).  To date, there are no retrieval studies that have 
systematically assessed a retrieved stainless steel femoral component in a TKR.  Knee 
joints experience a higher contact stress than hip and the fatigue strength of stainless steel 
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is not high enough to resist these stesses, resulting in early fatigue failures (Forster, 2003; 
Patel, 2010; Röhrl, 2005; Walker, 1996).   It is now mostly used for temporary 
orthopaedic devices.    
Titanium, alloyed as Ti-6Al-4V, has been considered the ideal orthopaedic 
implant material due to its lower modulus when compared to other metals, yet they are 
not considered ideal for TJR procedures, although they have been used in TKRs in the 
past.  The discontinuation of titanium alloys was a result of the high aseptic loosening 
and metallosis.  Titanium alloys do not bond directly to bone, which limits consideration 
for use in THR femoral heads or TKR femoral components.  They also have low shear 
strength and they are prone to surface damage once its oxide layer is disrupted.  The 
oxide layer can be easily disrupted as the stress applied exceeds the material ultimate 
stress, leading to fracture.  Retrieval studies have shown that titanium alloys produce 
non-uniform scratching, pitting and delamination of the UHMWPE component (Bal, 
2006; Katti, 2004; Navarro, 2008; Sheehan, 1985; Wang, 2011). 
CoCr alloys have recently been considered the metal-of-choice for total joint 
replacements due to its excellent mechanical properties (fatigue strength, hardness, and 
corrosion resistance ) and ease of manufacture. These properties are obtained due to the 
chromium forming a protective oxide layer on the surface (Forster, 2003; Lee, 2009; 
Minakawa, 1998; Patel, 2010; Röhrl, 2005). Conventional methods to fabricate the alloy 
include either as cast or wrought and the material is typically used to produce stems and 
femoral components.  However, heat treatment has lead to the formation of carbides, 
which has been noted to be responsible for scratching and delamination of polyethylene 
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(Klepper, 2008; Walczak, 1998).   Even though CoCr alloys have a high corrosion and 
wear resistance, they still have a high elastic modulus and its release of metal ions is a 
risk of potential infection, hypersensitivity and metallosis. Retrieved studies of CoCr hip 
and knee metallic components have shown roughening of their articular surfaces.  As 
seen in literature, these roughened surfaces increase the wear of the UHMWPE 
counterface (Downson, 2000, Lancaster, 1997; Que, 2000).  Even though CoCr was an 
improvement to the implant designs, there were still concerns about the adhesive and 
abrasive wear caused by the damage seen on the CoCr components.   
The literature has described oxidized zirconium (oxinium) as providing several 
advantages in comparison to CoCr due to its oxide surface and its larger hardness that 
allows it to resist abrasive in-vivo wear(Galetz, 2010; Kurtz, 2007).  The oxide surface is 
stable and resistant to shear loading, allowing TKR femoral components made up of this 
material to be used for a more dynamic, young, and active patient population.  Also, the 
ceramic oxide layer prevents the release of metal ions, preventing infection, or an allergic 
response. Although this material is fairly new in the orthopaedic field, oxidized 
zirconium has been used as a femoral component for 50,000 knees and up to 15,000 hips 
between 1997 and 2004 ( Firkins, 1998; Hunter, 2005).   
Scratches on metal can lead to metal debris as pile-ups from indentation have 
been reported to cause strain hardening (Pharr, 1992; Santos, 1998), which results in a 
decrease in ductility (Sieber, 1999); this decrease in ductility can make the pile-ups more 
brittle, causing them to be more vulnerable to wear.  Pile-ups formed on the metal 
surfaces from scratches can be transferred into the joint, which literature has shown to 
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develop metalosis, an adverse tissue reaction to the metal debris generated by the TJR 
metallic components (McKee, 1977; Langton, 2011).  Studies have also collected debris 
seen in total joint replacements and have reported metal particles being in this retrieved 
debris (De Baets, 2008).  Wang et al. and Santos et al. reported larger pile-ups are related 
with lower strain hardening, therefore larger pile-ups will show a smaller increase in 
hardness when compared to smaller pile-ups; this results in larger pile-ups having a larger 
ductility and polishing them will be more difficult.   
Metal debris can be limited by the use of harder metallic surfaces as hardness has 
been related to the material’s vulnerability to surface damage and it can result in lower 
changes in surface roughness as friction is lowered (McGrory, 2011). Studies have 
demonstrated wear is decreased as material hardness increases (Firkins, 1998; Peterson, 
1998; Roy, 2010) by looking at different metals with different hardness.  This study 
focuses on a controlled in-vitro scratch test to quantify the scratch morphology and 
surface characterization of metallic counterfaces and quantifying those scratches during 
an in-vitro wear test within in-vivo environments to replicate activity occurring in TJRs.  
This study will provide a better understanding of how scratch morphologies evolve as a 
function of sliding distance.  
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CHAPTER TWO 
MATERIALS AND METHODS 
Specimen Preparation 
 The work included in this thesis was completed by an in-vitro pin-on-disk wear 
test with tribologic conditions modeled on a TJR environment.  Six fabricated F75 cobalt 
chrome (CoCr) (DJO Austin, TX, Material Data sheet) pins were used with a 40 mm 
length and a 9.5 mm shaft diameter and machined to have two flat ends as seen in Figure 
5. One of the flat ends had a 7mm diameter and the articulation surface had a diameter of 
9 mm with a fillet around the circumference of 0.95 mm.  The 7 mm diameter end was 
not polished after machining since it was not used as the articulating surface.   Machining 
for the articulating surface included precision grinding with a Norton 100 grit-grinding 
wheel on an okamoto 6-18-OX grinder. Then they were polished on a spiral-sewn buffing 
wheel with Dico buffing wheel compound.  The objective of these polishing steps was to 
achieve an implant-grade surface roughness, defined as 26 to 50 nm (ASTM F732). 
These steps were conducted with the help of the Machining and Technical Service (MTS) 
in Clemson University.  
 
 
 
 
 
 
Figure 5: Cobalt Chrome pin Used for Pin-On-Disk Test 
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 Once the samples were completed, a surface analysis of the articulating surface 
was performed using a non-contact surface profilometer (WYKO NT2000, Veeco Corp., 
Tucson, AZ) to confirm the roughness (Ra) of the surface was similar to those surfaces 
used in the orthopaedic industry for total joint replacements.  Ten measurements were 
taken at ten different points across the articulating surface to fully quantify and 
characterize the surface and have a reliable estimate of the surface roughness.  Non-
contact profilometry showed the surface of the metal pins had an average surface 
roughness of in the ~70nm range, which exceeds the 26 nm to 50 nm range mentioned 
earlier (ASTM F732).  Further polishing using a manual hand grinding system (grit 
320/400/600 at 250 rpm) located in Material Science Department at Clemson University 
(Struers labo pol-5, Westlake, OH) was performed until a favorable surface roughness 
was reached.  Pins were polished using standard metallurgical preparations using SiC 
until the surface roughness was decreased to ASTM standards; surface profilometry was 
performed after each polishing step.  The study conducted in this group in the past 
reported electropolishing of the metallic pins; however, this step was not performed for 
this study since an acceptable surface roughness was reached during polishing. 
 As mention earlier, metal components are typically articulated against UHMWPE 
in a total joint replacement.  In order to replicate this bearing articulation the CoCr pins 
were loaded against UHMWPE counterfaces.  The counterfaces were machined GUR 
1020 UHMWPE disks with a diameter of 43 cm and a thickness of 1.9 cm (Figure 6).  
Disks were machined to be able to fit into stainless steel disk holders with a 1” diameter 
and a depth of 3/16” as seen in Figure 6.  Surface roughness for the disks was quantified 
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using non-contact profilometry to ensure the articulating surface has a roughness as that 
seen on TJR components.  Similar to the quantification of the CoCr pins, ten 
measurements were also taken at ten random points throughout the articulating surface to 
fully quantify and characterize the surface and have a reliable estimate of the surface 
roughness (64 x 215 µm field of view). 
 
 
 
Scratch Replication  
 Scratch testing involves the use of diamond blunt indenters to simulate third body 
wear damage.  For this study, the loading conditions and contact stresses were selected to 
replicate scratch parameters as those observed on the articular surfaces of retrieved 
femoral components.  Each metallic pin surface was scratched using an UMT-2 CETR 
Microtribometer (figure 7) (CETR Inc, California) and the geometry of each scratch was 
quantified using non-contact profilemetry.  The microtribometer is equipped with Micro 
Figure 6: UHMWPE disks (right) were inserted into metal “disk holders” 
(left). 
!
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Scratch Head (range, 0.5 to 20 N of vertical load, with a resolution of mN) and a blunt 
indenter (Rockwell C indenter 200 ±10 µm diameter, angle 120°±0.35°) (Figure 7) that is 
held by a mechanical suspension as seen in Figure 7. After scratching, the scratched 
surface on each pin was imaged under 20x optical magnification, with a corresponding 
view of 141 µm x 188 µm (UMT CETR customized software).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: CETR Microtribometer (left), blunt indenter (top right), and microscope 
(bottom right) used for scratching and imaging of CoCr pins. 
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The indenter used for this study was chosen since its size and hardness are similar 
to third wear particles that are present in a TJR (Dowson, 1987, Lee 2009; Barbour, 
2000).  Scratches were created parallel to each other on the articulating surface of the 
CoCr pins with 12 different loading conditions.  Loading conditions ranged from 1 to 12 
N, and they were loaded on the CoCr pins in increasing order as seen in Figure 8 (1-12 
N).  These loads were chosen as they caused deformation on the CoCr and scratches 
induced contact pressures seen in-vivo (3.5 to 15 MPa) (Barbour, 1997; Blunn, 1997; 
Muratoglu, 2004).  Applied load conditions were simulated based on the Hertz contact 
model (ball on flat) and each contact pressure was evaluated using the equations below 
(Dwyer, 2006; Firkins, 1998), where R is the radius of the indenter (for the flat surface R 
is considered infinity), P is the force of the load and “a” is the contact radius.  The elastic 
modulus used for the indenter and CoCr alloy were 1220 Gpa and 100 Gpa (Blunn, 1997; 
Jin, 1995; Muratoglu, 2004).  Each scratch was 4 mm in length, 0.3 mm apart from each 
other to avoid residual stresses between each scratch and to prevent pile-ups from 
interfering with each other.  In order to perform each scratch under in-vivo conditions, 
120°%
200μm%radius%%
Figure 7b:  Diagram of indenter used for scratching of pins 
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each scratch was performed under lubrication; lubrication consisted of 25% diluted 
bovine serum a 0.1 mm/sec at 20 °C.   
 
 
 
The first step performed when the scratches were made included the indenter 
approaching the surface. During the second step, indentation occurs up to the touch force 
that was input in the computer.  Once the indenter reaches its touch force, the sample then 
slides for 4 mm with the XY stage at a constant speed of 1mm/sec.  At the end of the 
scratch the indenter is unloaded and it is moved 0.3 mm to begin the following scratch. 
Further quantification of scratch geometry will be discussed later in this section. 
 
 
 
 
 
 
 
 
 
 
Figure 8:  (a) Digital images of the scratches induced on CoCr 
pins in increasing order from 1 to 12N. (b) 4x images show three 
loads per image in increasing order as well. Scale bar = 10 µm  
(a) 
(b) 
1.1 1.
2 
1.
3 
1.
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In-Vitro Pin-On-Disk Testing 
 This study involved a wear test using a 6-station OrthoPOD (AMTI, Watertown, 
MA) pin-on-disk wear testing system (Figure 9). However, one of the stations 
malfunctioned during the 50 km run, so therefore a total of five pins were included in this 
study. The test consisted of the metallic pins articulating against UHMWPE disks in a 
circular pattern with a 60 mm in diameter for total sliding distance of 80 km; circle 
shaped pattern has generated the highest wear factor (Wang, 2005).  A speed of 1 Hz 
along with a velocity of 60 mm/sec was selected to follow ASTM standard F732.  
Positioning of the pins were taken into consideration when placing the pins on the center 
offset arm to generate a direction that would place the induced scratches perpendicular to 
the motion direction when articulating against the UHMWPE disks (Figure 9b); this 
positioning was constant throughout the 80 km wear test.  
  
 
 
 
 
 
 
 
 
 Figure 9:  6-Station OrthoPOD pin-on-disk testing system used for wear test.  Metallic pins articulated against UHMWPE disks. 
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The goal of this study was to apply a load of 381.7 N to achieve a clinically 
relevant contact pressure of 6 MPa.  However, the actual calculated contact pressure used 
in the study was estimated to be approximately 5.3 MPa.  This error was taken into 
consideration when analyzing data, considering the data could have been corrupted 
during the study.   
 An in-vivo environment was generated in the stations with lubrication.  All of the 
six stations contained 25 mL of 50 cc of 25% bovine serum (Hyclone, Logan, UT) 
diluted in deionized water and 0.2% w/v sodium azide (NaN3, Fisher Scientific: S227-
100) (Anti-microbial agent) at 37 °C as recommended by ASTM standard F1715-96 
(Figure 10); temperature was kept at 37 °C using a heated water bath around the stations.  
Lubrication levels were maintained by adding deionized water to maintain an appropriate 
Figure 9b: Positioning of the pins generated a direction that placed the induced 
scratches perpendicular to the motion direction when articulating against the 
UHMWPE disks 
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amount of lubrication as evaporation occurs and there is a decrease in the amount of 
lubrication available as the test is running.   
 
 
 
 
  
 
 
 
 
 
 
 
 
Data collection occurred every 10km of sliding distance.  The following steps 
were conducted every 10km: the test was stopped, the machine was disassembled, and 
samples plus machine parts were cleaned (sonication) and dried.  Samples were placed in 
a desiccator for a total of 30 minutes per ASTM F1715 to allow moisture absorption and 
stabilize the weights of the samples.  Each CoCr pin was weighed every 10 km 
(Satorious, Bohemia, NY ±0.0001 g) to account for any weight loss during the test.    
Additionally, the CoCr pins were imaged using a non-contact profilometer for surface 
Figure 10: Bovine Serum was used as lubricant on each station for wear test to 
replicate in-vivo environment 
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characterization, as well as imaged using the UMT software attached to the CETR 
microtribometer.  Images were obtained with a 4x magnification, which gave a FOV of 
800 x 600 µm (Figure 10).  Once all these steps were performed, the machine was 
reassembled and new bovine was added to each station at the beginning of each 10 km 
trial.   
Quantification of Scratches 
  Quantification of the scratches performed on the CoCr pins was performed using 
non-contact surface profilometry (WYKO NT2000, Veeco Corp., Tucson, AZ)  (Figure 
11).  Analysis of each surface was done before scratches were performed on the pins, 
after the scratches were generated and then in 10km intervals after the machine was 
disassembled until 80 km were reached.  These measurements were obtained at a nominal 
magnification of 25X with a field of view of 736 x 480 nm.  This same magnification was 
used when obtaining the ten measurements of the surface roughness for the UHMWPE 
disks.   
  
 
 
 
 
 
  
Figure 11: Non-contact profilometer used for quantification of scratches 
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 Visual inspections were done by obtaining images from each pins surface taken 
using optical microscopy with the imaging software included in the CETR UMT program 
as mentioned earlier (Figure 7).  Digital imaging was performed using a color digital 
cameral (model infinity 2-1C, Lumenera Corp, Ottawa, Ontario, Canada) attached to a 
microscope.  Parameters of the scratches induced on the CoCr pins were analyzed using 
the 2D tracing analysis available in the non-contact profilometer software (Figure 12).  
This program allowed tracing the heights and depths across the surface profile as well as 
X-coordinates throughout the area.  This allowed the measurements of scratch pile-ups, 
depth, as well as scratch width for each scratch (Figure 12).  
 A total of three profilometry measurements were taken per scratch to quantify the 
majority of scratch paramaters, therefore a total of 15 measurements were obtained for 
each scratch per 10 km runs.  This equals to a total of 36 measurements per pin, and a 
total of 180 measurements per 10km run.  A total of 135 measurements were obtained for 
each scratch over the 80km study (0, 10, 20, 30, 40, 50, 60, 70, 80 km), accounting for a 
total of 1620 measurements taken on a total of five pins from start of the study to the end 
of the 80 km wear test.  This high number of measurements taken was performed to 
ensure that the data obtained would capture some change in the pile-up height.  The 
measurements obtained for the pile-up were calculated assuming the pile-up had a 
triangular-isosceles shape as seen in literature (Affatato, 2013; Barbour, 2000).   
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A Matlab program was created to quantify the area ratio for each scratch was 
evaluated by finding the proportion of pile-up relative to the scratch depth area and the 
program output can be seen in Figure 13.  The program created a line that connected from 
the two end points at which the line would flattened out.  Once it created the line that 
went from endpoint to endpoint it calculated the number of pixels above the line and 
below the line to calculate area above zero and below zero. This allowed determining 
!
Figure 12: (a) Scratch parameters measured using the 2-D analysis option  
      (b) 2-D analysis of scratches using the WYKO software 
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how much material was lost in the pile-ups a between 0 and 80 km. Statistical analysis 
(Student t-test with p = 0.05) for the changes in the scratch parameters as a function of 
sliding distance was calculated.   
 
 
 
 
 
 
 
 
 
 
 
 
Hardness Testing 
 Micro-hardness was measured for one standard polished as cast F75 CoCr disk 
(supplied by DJO, Austin TX) and five of the wear-tested pins after 80 km of sliding 
distance.  These measurements were obtained using a Vickers micro-hardness tester 
(Digital Display Micro-Hardness Tester HVS-1000B Ebatco, China) after the surface 
roughness was quantified.  The machine contains a pyramid diamond indenter that can 
apply a full load (ten second dwell time) and measurements are obtained with an optical 
Figure 13: Matlab program used to analyze area lost from 
pile-ups after wear test 
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microscope by measuring the diagonals of each indentation and calculating the ratio of 
applied load and area of indentation.  Then indentations with the applied loads of P = 10 
gf were performed in four different areas throughout the CoCr surfaces: along the inside 
of the scratches, along the pile-ups formed by the scratch (right and left), and in a non-
scratched area with a 1 mm of separation between indents (Figure 14); The non-scratched 
area was chosen at ten random locations around the scratches.  These areas were chosen 
to quantify if the material hardness changes due to material deformation and sliding 
distance.  The lowest load was chosen to consider that a load too high could penetrate 
through the pile-ups.  Statistical analysis (Student t-test with p = 0.05) was done to 
evaluate if there was a significant difference between 0 and 80 km for the area inside of 
the scratch, on the left and right pile up, and on the non-scratched area.  
  
   
 
 
 
 
 
 
 
 
 
Figure 14:  Schematic of where hardness data was collected from: 
Inside scratch, and on right and left pile-ups. 
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CHAPTER 3 
RESULTS 
Scratch Morphology 
 Prior to scratching the surface roughness (Ra) for all the pins and disks were 
evaluated to ensure the surfaces were within the range of those commonly used in the 
orthopaedic fields.  CoCr Pins had a surface roughness (Ra) of 21.7±4.1 nm (range 17.5-
27.4) (Table 1) and UHMWPE disks had a surface roughness (Ra) of 1036.8 nm ± 67.7 
(range 951.7-1110.3 nm) (Table 2). A total of ten measurements were obtained from each 
sample to sufficiently cover the entire articulating area.  Both this numbers fall within the 
range of surfaces used in orthopaedic devices.  After each scratch was induced, geometry 
was calculated for each scratch prior to testing. Contact pressures were calculated for 
each load using the equations provided earlier (Table 3).  
 
 
 
 
Table 1:  Surface roughness (Ra) was evaluated for each CoCr pin before scratching 
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Table 3:  Contact pressure was calculated for each load to compare to 
values seen in-vivo 
Table 2:  Surface roughness (Ra) was evaluated for each UHMWPE disk before scratching 
Disk%#% Ra%(nm)% Standard%Devia3on%
1" 1110.3" 226.8"
2" 951.7" 309.9"
3" 1020.1" 670.5"
4" 1000.8" 204.9"
6" 1101.3" 180.1"
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Prior to the test, scratch morphology was assessed as a function of load to confirm 
that the microtribometer was functioning correctly.  Based on a best-fit line regression, 
each scratch showed a slight increase in average of left and right pile-up (Figure 15), 
width (Figure 16), and depth (Figure 17) as a function of load.  All graphs showed a 
significant correlation between average pile-up, width, and depth versus load (R2>0.1). 
 
 
Figure 15:  Average pile-up increased as a function of load prior to starting the wear 
test 
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Figure 15: Linear regression between pile up height and load on CoCr pins showed 
that as the scratch load increased, the mean pile-up height increased 
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Figure 16: Linear regression between scratch width and scratch load on CoCr pins showed that 
as the scratch load increased, the mean width increased 
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Figure 17:  Linear regression between scratch depth and scratch load on CoCr pins showed that as 
the scratch load increased, the mean depth increased 
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Scratch pile-up, width, and depth were assessed as a function of sliding distance 
to note any changes in scratch morphology that could affect wear throughout the study.  
Figure 17 shows the measurements of pile-up heights that were assessed for each load as 
a function of sliding distance (0 through 80 km).  Each data point measured at each 
distance interval (10 km intervals) represents a total number of 15 measurements for each 
load on all the five CoCr pins.  Based on a best-fit linear regression (Table 4), all the 
loads had a common relationship, a decrease in pile-up as the sliding distance increased. 
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Figure 18:  Linear regression between scratch pile up height and sliding distance on CoCr pins.  Scratch pile-up 
height decreased as a function of sliding distance, and the sliding distance needed for each load to become smooth 
can be extrapolated using the linear regression formula 
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Load%(N)% Best%Fit%Linear%Regression% R
2%Value%
1" y="70.0011x"+"0.18" 0.665"
2" y="70.0005x"+"0.07" 0.453"
3" y="70.0016x"+"0.27" 0.798"
4" y="70.0012x"+"0.36" 0.446"
5" y="70.002x"+"0.52" 0.736"
6" y="70.0012x"+"0.57" 0.214"
7" y="70.0022x"+"0.72"" 0.736"
8" y=""70.0031x"+"0.84" 0.758"
9" y=""70.0013x"+"0.87" 0.254"
10" y="70.0013x"+"0.99" 0.141"
11" y="70.0003x%+"1.01" 0.006*%
12" y=%70.0007x"+"1.19" 0.039*%  
Table 4:  Each load contains a different slope, causing different are of changes for each load.   
 
As seen on image 17, each load contains a different slope; this slope represents 
the rate of change of the pile up heights.  Figure 18 shows a graph of rate of change 
(slope) versus load to understand how slope varies for each load. Results interpret that 
loads induced towards the middle of the pin showed a greater rate of change when 
compared to the loads in the end (1 and 12 N). Slope was calculated to determine which 
scratches would eventually become smooth quicker throughout the study. 
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Average of each pile-up height were calculated at 0 and 80 km to note if  “polishing” of 
pile-ups occur.  Figure 19 shows the average pile-up at 0 and 80km for each load and it is 
noted that a decrease in pile-up does occur.  A student t-test was performed to determine 
if that change in height was significant (p = 0.05). Significant change was noted in the 
height for the lower severity loads (1, 2, and 3 N) and 8 N (p<0.05).  In order to get a 
better understanding in the change of height, the percentage change in height for each 
load was calculated.  Average pile-up at 0 and 80km were obtained and that difference 
was calculated at 3 points per scratch.  Percentage change is reported as the difference 
between the 0 and 80km averages over the original pile-up average (Figure 21).   In 
general, there was a significant correlation between change in pile-up and load.  Even 
though this relationship was noted between pile-up change and load, the 4 N load did not 
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Figure 19 :  Rate of change for the scratch pile-ups  is larger for the scratches induced towards the middle of 
the pins.  This could have been a cause of positioning of the scratches 
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follow this pattern.  The 1 N load experienced the highest change in pile-up (47.4%), 
while the 4 N experience the lowest (5.6%). 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
  
 
Figure 20:  Average scratch height at 0 km is noted to increase as the scratch 
load increases.  It is also noted that the average scratch pile-up height decreases 
once the scratches were articulated against UHMWPE for 80 km. Significant 
differences between 0 and 80 km were noted for scratch loads 1-3 N and 8 N 
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Full width at half max (FWHM) was also measured for each load by calculating 
the scratch width at half the height.  Averages at 0 and 80km were calculated to note any 
changes in FWHM as a function of sliding distance.  As seen in Figure 22, there is a 
change between the FWHM prior to the study and after the study.  This change relates to 
the change in pile-up, as pile-up height decreases, FWHM should increase.   Student t-
test (p = 0.05) was performed to conclude there was a significant difference in FWHM 
between 0 and 80 km for the majority of the scratches (1, 2, 5, 6, 7, 11, 12 N; p<0.05).   
A better understanding of change is seen in Figure 23, which shows the 
percentage change in FWHM.  Percentage change was calculated the same way pile-up 
height change was calculated by finding the difference of FWHM at 0 and 80 km.   The 2 
N load experienced the highest change in FWHM (71.7%) and 10N experienced the 
lowest (0.17%).  In general, FWHM decreases as load increases, however, it does have a 
lower correlation when compared to pile-up height. 
Figure 21:  Linear regression between change in scratch pile-up and scratch load for each scratch 
induced on CoCr pins.  Change in scratch pile-up height decreases as the scratch load increases 
which shows that as the scratch pile-up height increases as the amount of material loss decreases.  
There is an outlier present for the 4 N scratch 
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Figure 22:  Average FWHM at 0 km is noted to increase as the load increases.  It is also noted that 
the average FWHM increases as the height decreases once the scratches were articulated against 
UHMWPE for 80 km. Significant difference was noted for the majority of the loads 
Figure 23:  A clear relationship between change in FWHM and scratch load for each scratch induced 
on CoCr pins is not evident.  However, it is noted that change in FWHM decreases as the scratch 
load increases.  This relationship has a very low coefficient of determination (R2) 
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 Scratch width and depth were also measured as a function of sliding distance for 
each load induced on the pins.  Figure 24 and 25 show the average scratch widths and 
depths at 0 and 80km.  There does not seem to be a pattern for the change in scratch 
width and depth as a function of sliding distance; Figures 24 and 25 show that some 
scratch widths and depths increase in size while some decrease in size.  A student t-test 
showed that only the 1, 6 and 10 N loads showed a significant change in scratch width 
and the 4 N for the depths (p<0.05).  
  
 
 
 
 
 
 
 
 
 
  
 
 
 
Figure 24:  Average scratch width at 0 km is noted to increase as the scratch load increases.  It is also 
noted that some scratches show an increase in width, some show a decrease in width, and some do 
not show a change in width at all after 80 km of articulation.  Significant differences were noted 
between 0 and 80 km for scratch loads 1, 6, and 9 N 
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The area accumulated by each pile-up was calculated by using a Matlab program.  
Area was measured at 0 and 80 km to note any change in area.  As seen in Figure 26, the 
area formed by each pile- up increases as a function of load.  It can also be noted that 
some area is lost as a function of sliding distance.  A student t-test (p = 0.05) showed that 
the majority of the scratches experienced a significant change (1, 2, 3, 4, 5, 6, 7, 8, 9, 12 
N; p<0.05).   Percentage change was calculated using the same method utilized to find 
percent change in pile-up height and FWHM.  Figure 27 shows a similar trend to pile-up 
height and FWHM change.  This graph shows the highest correlation (R2 = 0.72). 
 
 
Figure 25:  Average scratch depth at 0 km is noted to become deeper as the scratch load increases.  It is 
also noted that some scratches show an increase in depth, some show a decrease in depth, and some do 
not show a change at in depth at all after 80 km of articulation, similar to the scratch width data.  
Significant differences between 0 and 80 km were noted for the 4 N scratch 
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Figure 26:  Average scratch pile-up area at 0 km is noted to increase as the scratch load increases.  It is 
also noted that the average scratch pile-up area decreases once the scratches were articulated against 
UHMWPE for 80 km. Significant differences between 0 and 80 km were noted for the majority of the 
scratch loads 
Figure 27:  Linear regression between change in scratch pile-up area and scratch load for each 
scratch induced on CoCr pins.  Change in scratch pile-up area decreases as the scratch load 
increases, which show that as the scratch pile up area increases the amount of material loss 
decreases.  Area loss was calculated using a Matlab program 
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Hardness Data 
 Hardness was measured for the CoCr pins used in this study to account for the 
hardness of CoCr after the 80km of sliding distance performed during the test.  A CoCr 
(F75) disk was used to account for the hardness of CoCr at 0 km; the disk was polished 
using similar techniques as the CoCr pins used in the study.  As seen in Figure 28, there 
is a small change in hardness between 0 and 80km, however that change is statistically 
significant (p<0.05).  Results showed that hardness increased for the pile-ups and inside 
the scratch when compared to the non-scratched areas prior to the wear test.  
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Figure 28:  Hardness decreases for the non-scratched locations between 0 and 80 km.  Although it is 
a small numerical value, statistical analysis (p = 0.05) determined this change to be statistically 
significant 
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 Figure 29 shows an increase in hardness for the 1 N scratch when compared to the 
non-scratched area at 0 km.  Hardness at the three different areas is also noted to be 
similar values.  At the end of the 80 km the hardness was obtained for the metals pins to 
note a change in hardness as a function of sliding distance.  Hardness of the three 
different areas on the scratch decreased as a function of sliding distance, eventually 
reaching hardness similar to the original hardness (Figure 30).  Student t-test proved there 
was not a significant difference between the hardness of the left pile-up and the original 
hardness (p<0.05).  Similar results were obtained for the area inside the scratch.  
However, hardness of the right pile-up did show a significant difference when compared 
to the original hardness (p<0.05).   
 
 
 
 
 
 
 
 
 
 
 
Figure 29:  Hardness increases on left and right scratch pile-up locations and inside of the 1N scratch 
when compared to the non-scratched area at 0 Km.  This could be a result of strain hardening that 
occurs during the scratching of the pins 
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Figures 31a-31c show that hardness also increased on the pile-ups and inside the 
scratches when compared to the original non-scratched area for all the other loads as 
well.  However, it is noted that hardness decreases as the load increases for all the areas.  
It is also noted that the hardness for all the areas of the scratch eventually reaches a value 
similar to the non-scratched area at 0 km. The majority of the scratches showed a 
significant change in hardness between 0 and 80 km for all four areas (inside scratch, 
right and left pile-up, and non-scratched area) (p<0.05). 
 
 
 
 
Figure 30:  Hardness increases on left and right scratch pile-up locations and inside of 1N scratch 
when compared to the non-scratched area at 0 Km. After 80 km of sliding distance, the hardness 
decreases and eventually reaches a value similar to the original non-scratched area 
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Figure 31a:  Hardness increases on the left scratch pile-up locations when compared to non-
scratched locations for all loads, possilby due to strain hardening.  As the scratch load 
increases, the hardness decreases, which could be a result of the dislocations being tighter for 
the smaller scratches.  All loaded and non-scratched locations experienced a decrease in 
hardness between 0 and 80 km 
Figure 31b:  Hardness increases on the right scratch pile-up locations when compared to 
non-scratched locations for all scratch loads, possibly due to strain hardening.  As the 
scratch load increases, the hardness decreases, which could be a result of the dislocations 
being tighter for the smaller scratches.  All loaded and non-scratched locations experienced a 
decrease in hardness between 0 and 80 km 
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Visual Results 
Optical microscopy and non-contact profilometry was obtained throughout the wear test.  
Prior to creating the scratches on the surfaces, non-contact profilometry was performed to 
assure the area in which scratches were created was flat.  Figure 32 shows the surface of 
one of the pins used in the study prior to scratching and it shows the surface after a 12 N 
scratch was created prior and after the study. Figure 33 shows the optical microscopy 
images of each induced scratch.  These images show that there is not much visible change 
to the surface around the scratches.  Although some small scratches are seen after the 80 
km study, they are extremely smaller when compared to the scratches induced on the 
pins; therefore they did not influence the morphological parameters.     
Figure 31c: Hardness increases inside the scratch when compared to non-scratched locations for 
all loads, possibly due to strain hardening.  As the scratch load increases, the hardness decreases, 
which could be a result of the dislocations being tighter for the smaller scratches.  All loaded and 
non-scratched locations experienced a decrease in hardness between 0 and 80 km 
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Figure 32: Non-contact profilometry image of the pin surface prior to scratching (Top 
right) Scratch pile-up formation can be observed for the 12 N scratch induced at 0km 
(bottom left).  The scale shows the decrease in scratch pile-up of this 12 N scratch at 
80km (bottom right) 
Figure 33:   (a) Images show scratches induced in increasing order (1-12N)                                                                           
(b) Images show scratches induced after 80km of sliding distance (1-12N) 
(a) 
(b) 
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CHAPTER FOUR 
DISCUSSION 
Change in Scratch Morphology 
 The data presented in this thesis demonstrated how scratches observed on 
retrieved metallic components change over time during a wear test.  These results could 
be used to predict the time that it would take for different scratch severities to essentially 
become smooth and reduce the wear rate of the polyethylene.  Dowson et al., Barbour et 
al., Sieber et al. and Fisher et al. reported scratches observed on metallic surfaces increase 
the wear rate of polyethylene during in-vitro wear testing using a pin-on-plate and hip 
simulators (Barbour, 2000; Dowson, 1987; Fisher, 1995, Sieber, 1999).  However, 
Dowson et al., Barbour et al. and Sieber et al. reported that the pile-ups formed from 
scratches eventually become smooth and the wear rate is reduced (Barbour, 2000; 
Dowson, 1987).  From this study, similar results were reported.  The average height for 
each scratch severity decreased as a function of sliding distance, and a fit linear 
regression model was created from these results.  Therefore, using this linear regression 
model, we can estimate the amount of time it would take for different scratch severities to 
eventually become smooth and reduce the wear rate of polyethylene. Based on the linear 
regression equation derived for average pile-up height as a function of sliding distance 
for this current study, and a 20 km per year estimated TKR bearing sliding distance 
(Desjardins, 2008), it is hypothesized that 163.6 km sliding (8.2 years in vivo) would be 
needed to reach a completely polished pile-up with a height of zero for a 1N scratch, 
while that number increases to 1700 km (85 years) for the 12N scratch. 
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 Bartel et al., and Kuster et al. have reported contact pressures in TJRs to be as 
high as 30 to 60Mpa (Bartel, 1995; Kuster, 1996). Loads used for scratch replication did 
not exceed these numbers (Table 3). All 12 scratches were distinguished microscopically 
and quantitatively as the scratch parameters increased linearly as load increased.  These 
scratches had similar pile-up height and depth as those seen on retrieved metallic 
components.  Past studies have reported scratches with scratch heights ranging from 0.1 
to 1 µm high (Hoseini, 2008; Minakawa, 1998).   Scratch depth have also been noted for 
metallic components, and they have been reported to be as low as 10 µm (Jasty 1994; 
Mirghany, 2004). Mirghany at el performed a study in which they looked at how different 
particles affect the peak to valley height; they reported that larger and harder particles 
produced a larger peak to valley ratio (Mirghany, 2004).   
For this study, pile-ups ranged from 0.08 to 1.15 µm and depths ranged from -
0.19 to -1.21 µm .  These parameters linearly increased as a function of load, which is the 
same relationship that Alvarez reported (Alvarez 2012). Mcnie et al., Barbour at el., Jasty 
et al. and Fisher et al. have looked at scratches from retrieved implants and have reported 
pile-ups to range from .1 to 1 µm with depths up to 10 µm  (Mcnie, 2000; Barbour 2000; 
Jasty 1994; Fisher 1995), therefore the parameters in this study are within the range seen 
in literature.   
 Pile-up heights and areas from both sides of the scratch did not equal each other 
for this study.  This could have been a result of carbides being present on the surface 
since electro polishing was not performed on the samples, or it could have been a result 
of the samples not being flat when scratching occurred.  These results are consistent with 
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other studies reported in literature (Barbour, 2000), wherein this group reported that pile-
ups were no symmetrical.  The left pile-up was slightly bigger in height and area than the 
right pile-up, however, that difference was not statistically significant (P>0.05).  The 
average pile-up was obtained by finding out the average height of both pile-ups.  Results 
illustrate the change in pile-up height as a function of sliding distance, which illustrate 
that pile-up height decreased as a function of time.  
FWHM was noted to increase as a function of sliding distance, which is expected 
as the pile-up height decreased since the FWHM data was calculated as the width at half 
of the height.   As the height decreases, that width at half the max height will decrease; 
the diagram seen in Figure 34 illustrates this idea. Alvarez and Barbour et al. also 
reported an increase in FWHM as the height decreased (Alvarez, 2012; Barbour, 2000).  
Area also decreased as a function of sliding distance, which is consistent with the 
decrease seen in the pile-up height.  Although the pile-ups observed in this current study 
were not completely polished down to a smooth surface, they do show that they are being 
polished down when articulated against a polyethylene counterface as suggested by 
Dowson et al., Barbour et al. and Sieber et al. (Downson, 1987, Barbour, 2000, Sieber, 
1999).   
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Dowson et al. suggested that pile-ups from scratch will eventually be polished 
down and that the larger the pile-ups formed from a scratch, the more it will affect the 
wear rate of the polyethylene (Dowson, 1987).  As noted earlier, this study agrees with 
this theory as the pile-up height decreased as a function of sliding distance for all 12 
scratches (Figure 26).  The amount of change for each pile-up was also calculated by 
finding the difference between the average pile-up height at 80 km and the average pile-
up height at 0 km.  This difference was then divided by the average pile-up height at 0 
km to evaluate the change in height over 80 km of sliding distance.  Although the scratch 
to have the lowest change in pile-up height was noted to be the 4 N scratch, data from 
this study illustrated that as the pile-up height increased, the change in pile-up height 
after 80 km of sliding distance when compared to the original height decreased. This 
same relationship was observed for the pile-up area and FWHM.  Alvarez reported a 
similar trend, wherein their group looked at the pile-up area of three different scratches at 
three different loads (3, 5, and 8 N) throughout 40 km of sliding distance, and the 
smallest load (3 N) resulted in the highest loss in pile-up area (50%).  The larger change 
Figure 34: Schematic of scratch morphological evolution.  Picture on the left shows a 
scratch morphology prior to wear, and picture on the left show a scratch morphology after 
80km of sliding distance. An increase of FWHM and reduction of height as a function of 
sliding distance is noted 
Scratch'Width''
Pile.up'Height'(h)'
FWHM'
Scratch'Depth'
h/2'
Scratch'Depth'
h/2'FWHM'
Pile.up'Height'(h)'
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in the smaller scratches could be a result of the smaller scratches experiencing larger 
stresses due to their smaller areas.  Stress is defined as Force/Area, therefore the smaller 
the area the higher the stress (Callister, 2007).  
Galetz et al., and Jasty et al. have reported that parameters such as scratch depth 
and width observed on retrieved implants are more variable under an in-vivo environment 
due to larger and harder third wear particles (Galetz, 2010; Jasty, 1994). This current 
study showed that width and depth of the scratches did not seem to have a specific pattern 
over time.  Some scratches had an increase in width while some had a decrease. Depth 
also had the same results; some scratches had an increase in depth while some had a 
decrease.  Alvarez reported similar results, wherein their group showed some depths 
decrease from -20 µm to -24 µm , while some increase from -70 µm  to -65 µm (Alvarez, 
2012).  The increase in some depths could have possibly occurred due to material flow 
from the pile-ups into the trough as suggested by Jasty et al. and Dowson et al. (Dowson, 
1987; Jasty, 1994). This study found that the change in the width and depth of scratches 
over the wear testing time was less predictable under normal service conditions seen in 
the body.  
The current study contributed a linear regression model that can be used to fit 
changes in scratch parameters as a function of sliding distance, or implantation time. It 
provides a methodology to predict the lifetime of a scratch seen in a retrieved metallic 
component similar to the ones created in this study.  In addition, it provides the effects of 
different scratches with distinct parameters on the tribological performance of metallic 
biomaterials under physiological conditions.   
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Effect of Wear on Hardness  
 Hardness for each load was measured at 0 and 80 km in four different areas, a 
non-scratched area, and at three different areas of the scratch: the right and left pile-ups 
created from the scratch, and inside the scratch.  A CoCr puck was used to account for 
the hardness at 0 km since all the pins that were available for this study were used on the 
pin-on-disk study.  At 0 km, the hardness at the non-scratched area and the three areas of 
the scratches increased when compared to the non-scratched area.  Hardness was then 
calculated at 80 km to note any changes in the pile-up hardness as a function of sliding 
distance.  As seen in Figure 30, hardness increases after initial scratch formation for the 
three different areas of the scratch for the 1 N scratch.  Figures 31a-31c show the same 
relationship for all the other scratch loads; namely an increase in hardness at the pile-ups 
after scratch formation. This hardness then decreases between 0 and 80 km of sliding 
distance. 
 Jardret et al. has reported that depth and width of a scratch can be used to quantify 
the degree of plastic deformation (Jardert, 1998).  They analyzed the scratch behavior of 
various types of materials and measured penetration depth and post scratch profilometry. 
Their study discovered that proportion of plastic deformation increases as depth and 
width decrease. Using this relationship for this current study could be used to determine 
that plastic deformation increased as the load increased due to the increase in depth and 
width noted for each load (Figures 16 and 17).  Wasmer et al. reported that perfect 
dislocations are observed during scratching using Transmission Electron Microscopy 
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(TEM) (Wasmer, 2007) after performing nanoindentation and scratching on metal 
samples.  These results and the fact that plastic deformation increases dislocation density 
(Callister, 2007) would essentially lead to an increase in hardness as seen in Figure 35.  
However, for this study it was noted that the hardness decreased as the dislocation 
density increased.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As seen in Figure 31c, the hardness inside scratches is larger than the hardness 
observed for the non-scratch area due to strain hardening.  The perfect dislocations inside 
the scratch could explain the increase in hardness as Wasmer et al. reported the presence 
Figure 35:  As the diagram shows, when there are few dislocations, the hardness 
is higher. As dislocations are created, initially, the strength decreases as the 
dislocations facilitate slip and at a critical point, hardness begins to increase 
again [Printed without permission] (https://www.e-
education.psu.edu/matse201/node/555) 
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of dislocations inside a scratch.  The dislocations in the smaller scratches being closer 
and tighter could explain why the hardness is higher for the smaller scratches.  As 
mentioned earlier, an increased in load was determined to cause an increase in dislocation 
density, therefore the larger dislocation densities should have caused larger hardness.  
Qian at el reported similar results (Qian, 2011). Their group measured hardness at three 
different depths and also noted a decrease in the mean hardness as the depth increased. 
However, these results had a large standard devation due to non-uniformity. 
The reason for the initial increase (0 km) in hardness at the pile-ups could also 
possibly be a result of strain hardening.  Strain hardening results in an increase in yield 
strength and hardness, however the material becomes more brittle. (Callister, 2007; 
Kalpakjian, 1991).  The yield strength is considered the measure of resistance to plastic 
deformation, which relates to hardness.  Hardness is defined as the resistance to 
deformation or indentation.  Yield strength is explained to increase by strain hardening by 
the stress-strain curve.  As noted in Figure 36, there is an increase in tensile strength as 
plastic deformation occurs and Pavlina et al. determined there is a linear correlation 
between tensile strength and hardness and yield strength and hardness (Pavlina, 2008). 
Therefore, results from this current study support the idea that hardness will increase as 
deformation occurs.  Past studies have looked at pile-ups caused by indentation and 
suggested that these pile-ups are a result of surface deformation and have interpreted the 
pile-ups as a strain hardening behavior (Pharr, 1997; Chaudhri, 2000).  Therefore, the 
increase in hardness in the pile-up for this study agrees with literature. 
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Hardness decreases as a function of sliding distance for all the pile-ups and inside 
the scratch.  In fact, the hardness seems to decrease down to the same level as the 
hardness of the non-scratched area.    For the pile-ups, this may have been an outcome of 
the indenter penetrating through the pile-ups as they were polished off and reaching down 
to the original surface.  Also, it may have been caused by human error and the 
measurements may have been taken outside of scratch pile-ups and on a non-scratched 
area. It was expected for the hardness to increase for the pile-ups as Bhushan et al. 
reported that microhardness of worn metal samples show a 10%–80% increase of 
hardness in the worn layer (Bhushan, 2005).  As the pile-ups were articulating against the 
polyethylene counterface they were being wearing it down, which would have resulted in 
an increase in hardness.  Hardness in the non-scratched area also experienced a decrease; 
although this decrease is not a high numerical value (~22 HV), it was statistically 
significant.  Alvarez did a similar wear test, which showed a numeral difference of 
roughly 10 HV for the CoCr pins and it was determined that it was not statistically 
different (Student t-test; p = 0.05); however, their study was limited to 40 km, therefore 
an increase in sliding distance resulted in a statistically significant change.   
The current study reported that pile-ups formed by scratching undergo strain 
hardening, resulting in the pile-ups being composed of harder material.  However, strain 
hardening has been reported to cause a decrease in ductility, which causes a material to 
be more brittle (Sinha, 2006; Callister, 2007); this could be a possible explanation for the 
change in pile-up height for all the scratches.  This decrease in ductility could explain the 
cause for metal debris in TJRs, which have been reported to cause damage on metallic 
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components (Harris, 1995; Ingham, 2000; Jasty, 1994; Mirghany, 2005), limiting the in-
vivo longevity of the bearing system. 
  
   
 
 
 
 
 
 
 
Study Limitations 
 There are a few limitations noted for this study.  Although the sliding distance  
was increased from the previous study performed in our laboratory, some of the scratches 
did not show a statistically significant change (p<0.05) for some of the higher loads, and 
they were not polished down to a height of zero.  This could have been a cause of the 
inconsistent axial loading of the wear testing pins during the study.  Load was measured 
to be 5.3 Mpa at the 80 km interval; however, this load was not collected throughout the 
other intervals. Load remains unknown for the first 70 km, but, it is estimated to be close 
to the 5.3 MPa recorded for the last 10 km interval. 
 
 
Figure 36: Typical stress -strain curve for ductile materials  [Printed without 
permission] (]http://freeandhandy.com/work-hardening-and-metallurgical-annealing-made-
simple/stress-strain-curve-2/ 
) 
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Recommendations for Future Studies 
As mentioned earlier, there were some limitations due to the error in loading of 
the pin-on-disk test.  It is suggested that other studies be performed to explore the effect 
of contact pressure on the variables studied and to insure that the variations in loading 
observed in this study did not affect the resulting data.  It is also recommended that the 
sliding distance be increased until pile-up heights become smooth to obtain a more 
accurate estimation of time needed for pile-ups to become smooth and reduce the wear 
rate of polyethylene.  Possible future studies could include sets of scratches created with 
the same load throughout metal pins to obtain a better understanding of how a certain 
scratch evolves when it is articulating against UHMWPE.  Also, optical microscopy 
could be performed to obtain a better image of how the deformed material post scratching 
looks when compared a non-deformed material. 
The use of other metals is also suggested to compare the performance of CoCr to 
other metals used in TJRs.  In addition to using new metals, new combinations of 
materials are suggested.  The use of ceramics on metal, or metal on metal, could suggest 
how other materials affect metallic biomaterials when compared to the common 
combination of metal and UHMWPE. The scratching procedure provided by this study 
could also be replicated on new metallic biomaterials used total joint replacements and 
then scratch evolution could be investigated using a knee or hip simulator under in-vivo 
conditions.    
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CHAPTER FIVE 
CONCLUSIONS 
 Based on the results for this study some conclusions can be made. Scratch 
parameters did evolve over time, concluding that pile-ups caused by scratches on metals 
decrease in height and area when articulated against polyethylene in an in-vivo 
environment.  This same relationship is noted for some of the scratch widths and depths 
in this study.  These relationships noted indicate that a smaller scratch will undergo 
become smooth faster than a larger scratch.  This could conclude that higher pile-ups will 
affect the wear rate of polyethylene for a longer period of time in an in-vivo environment. 
 Hardness results showed that the hardness of the non-scratch articulating surface 
had a statistically significant change over the 80 km sliding distance (p<0.05) as wear 
occurred.  The hardness of the pile-ups and inside of the scratch also showed a significant 
difference over the 80 km sliding distance.  It was also noted that hardness decreases as 
pile-up height increases, and the hardness inside of scratches also decreases as the scratch 
depth increases.  However, these results are not supported by literature, which states that 
hardness increases as dislocation density increases.  From these results, it can be 
concluded that smaller pile-ups are more vulnerable to wear due as they experience more 
stress due to their smaller area, and they are also more brittle due to their decrease in 
ductility as the hardness increased on the pile-ups. 
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Appendix A 
Matlab program used to calculate area at 0 and 80km 
Matlab is a computer program used for numerical computation and visualization.  For this 
current study, the program created on matlab used an input data obtained from a WYKO 
NT 2000 non-contact profilometer.  The WYKO instrument was used to obtain excel 
sheets, which were transferred to the matlab program.  These excel sheets were then 
graphed on an image and a line was created from endpoint to endpoint, to represent the 
flat surface.  Area above and below was calculated using pixels from the image of the 
graphs.  This program was created by Jisele Green, and Caleb Eljach assisted her with the 
collection of the data. 
 
The following lines were comments for the program: 
 
% Scratch Damage Evolution on Metals Used in Total Joint 
% Replacements (TJR) 
% Jisele Green and Caleb Eljach  
% May 2013 
% Program purpose: 
 
The following lines were used to clear the matlab screen and start with a clean screen: 
clear 
clc 
close all 
 
 
The following lines imported the excel sheets into the matlab program 
% Import the data from excel 
file=input('Type the name of the file: ','s'); 
sheet=input('Type the name of the sheet: ','s'); 
[data,Header]=xlsread(file,sheet); 
 
The following lines tells the matlab program the number of points per file 
[r,c]=size(data); 
% r - number of rows of Point1 matrix 
% c - number of columns of Point1 matrix 
xrange_total=abs(max(data(:,1))-min(data(:,1)));        % overall width of the scratch 
yrange_total=abs(max(data(:,2))-min(data(:,2)));        % overall height of the pile up and 
trough 
xrange_step=r/xrange_total;                              
 
 
 68 
The following lines plot the points that are obtained from the excel sheets and then it adds 
the line connecting the endpoints.  The “hold on” command is used to plot the line 
connecting from endpoint to endpoint to be on the same image 
% Plot the data  
plot(data(:,1),data(:,2))            
x=[data(1,1),data(r,1)]; 
y=[data(1,2),data(r,2)]; 
hold on 
plot(x,y,'-b') 
C=polyfit(x,y,1);                       
m=C(1);                                         % slope of the line 
b=C(2);                                         % intercept of the line 
xrange_1=[0:xrange_step:xrange_total]; 
yline=m*xrange_1+b; 
% Determine an x value just before and after the two inner intersecting 
% points 
exclude1=input('Where to start from: '); 
exclude2=input('Where to end: '); 
option=1;       % initializer 
p=1;            % counter 
 
The following lines determine where the first end point is located in the matrix created: 
 
%Determines cell position to start from within the matrix 
while option==1 
    if data(p,1)<exclude1 
        p=p+1;         
    elseif data(p,1)>exclude1 
start=p;        option=2; 
end 
end 
option=1; 
q=p; 
 
The following lines determine where the second end point is located in the matrix 
created: 
 
% Determines the cell position to end at within the matrix 
while option==1 
if data(q,1)<exclude2 
q=q+1;         
elseif data(q,1)>exclude2 
done=q; 
option=2; 
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end 
end 
j=1; 
 
The following lines separates the pile-ups fromm the troughs and then it calculates the 
area above and below to determine the area of pile-ups and trough: 
 
% Determines the intercepts to seperate pile up and trough 
for i=start:1:done 
yline1=m*data(i,1)+b; 
if data(i-1,2)<yline1 && data(i,2)>yline1 
diff1=abs(yline1-data(i-1,2)); 
diff2=abs(yline1-data(i,2)); 
if diff1>diff2 
intercept(j,2)=data(i,2); 
intercept(j,1)=data(i,1); 
a=i; 
elseif diff1<diff2 
intercept(j,2)=data(i-1,2); 
intercept(j,1)=data(i-1,1); 
a=i-1; 
else 
intercept(j,2)=data(i,2); 
intercept(j,1)=data(i,1); 
a=i; 
end 
j=j+1; 
elseif data(i-1,2)>yline1 && data(i,2)<yline1 
diff1=abs(yline1-data(i-1,2)); 
diff2=abs(yline1-data(i,2)); 
if diff1>diff2 
intercept(j,2)=data(i,2); 
intercept(j,1)=data(i,1); 
d=i; 
elseif diff1<diff2 
intercept(j,2)=data(i-1,2); 
intercept(j,1)=data(i-1,1); 
d=i-1; 
else 
intercept(j,2)=data(i,2); 
intercept(j,1)=data(i,1); 
d=i; 
end 
j=j+1; 
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end 
end 
 
The following lines calculate the total area, which is the area of the pile-ups plus the area 
of the trough.  It then crops the image to calculate each pile-up individually and the 
trough individually.  This calculation is perfomed by “coloring” the area formed by the 
pile-ups and trough and measuring the amount of pixels.  This calculation is performed 
for each pile-up and the trough.  At the end it outputs a colored image as seen in image 
13, and it also outputs numerical values for each area. 
 
%  Determines the total area 
Tarea=xrange_total*yrange_total; 
figure 
h=fill(data(:,1),data(:,2),'k*'); 
axis([min(data(:,1)) max(data(:,1)) min(data(:,2)) max(data(:,2))]) 
saveas(h,'xy','png') 
xy=imread('xy.png'); 
xy1=im2bw(xy); 
xy2=imcrop(xy1,[157 69 930 733]); 
Tareapixels=931*734; 
Tframepixels=(931*2)+(734*2); 
Tgridpixels=378; 
Tcurvepixels=bwarea(xy2)+Tframepixels+Tgridpixels; 
Area=Tarea*(1-Tcurvepixels/Tareapixels); 
title(['Area = ',num2str(Area) ,'Unit Area']) 
xlabel('Scan Position (microns)') 
ylabel('Height (microns)'); 
f=1; 
g=1; 
k=1; 
 
% splits the data into different matrices 
for i=1:1:r 
if i<=d 
matrix1(f,:)=data(i,:);     % left pileup 
f=f+1; 
elseif i>=a 
matrix2(g,:)=data(i,:);     % trough 
g=g+1; 
else 
matrix3(k,:)=data(i,:);     % right pileup 
k=k+1; 
end 
end 
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% Figure for left pileup 
figure 
Tarea1=abs(max(matrix1(:,1))-min(matrix1(:,1)))*abs(max(matrix1(:,2))-
min(matrix1(:,2))); 
h1=fill(data(:,1),data(:,2),'k*'); 
axis([min(matrix1(:,1)) max(matrix1(:,1)) min(matrix1(:,2)) max(matrix1(:,2))]) 
saveas(h1,'yz','png') 
yz=imread('yz.png'); 
yz1=im2bw(yz); 
yz2=imcrop(yz1,[157 69 930 733]); 
Tareapixels=931*734; 
Tframepixels=(931*2)+(734*2); 
Tgridpixels=280; 
Tcurvepixels=bwarea(yz2)+Tframepixels+Tgridpixels; 
Area1=Tarea1*(1-Tcurvepixels/Tareapixels); 
title(['Area = ',num2str(Area1) ,'Unit Area']) 
xlabel('Scan Position (microns)') 
ylabel('Height (microns)'); 
 
% Figure for right pileup 
figure 
Tarea2=abs(max(matrix2(:,1))-min(matrix2(:,1)))*abs(max(matrix2(:,2))-
min(matrix2(:,2))); 
h2=fill(data(:,1),data(:,2),'k*'); 
axis([min(matrix2(:,1)) max(matrix2(:,1)) min(matrix2(:,2)) max(matrix2(:,2))]) 
saveas(h2,'wx','png') 
wx=imread('wx.png'); 
wx1=im2bw(wx); 
wx2=imcrop(wx1,[157 69 930 733]); 
Tareapixels=931*734; 
Tframepixels=(931*2)+(734*2); 
Tgridpixels=280; 
Tcurvepixels=bwarea(wx2)+Tframepixels+Tgridpixels; 
Area2=Tarea2*(1-Tcurvepixels/Tareapixels); 
title(['Area = ',num2str(Area2) ,'Unit Area']) 
xlabel('Scan Position (microns)') 
ylabel('Height (microns)'); 
 
% Figure for trough 
figure 
Tarea3=abs(max(matrix3(:,1))-min(matrix3(:,1)))*abs(max(matrix3(:,2))-
min(matrix3(:,2))); 
h3=fill(data(:,1),data(:,2),'k*'); 
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axis([min(matrix3(:,1)) max(matrix3(:,1)) min(matrix3(:,2)) max(matrix3(:,2))] 
saveas(h3,'wy','png') 
wy=imread('wy.png'); 
wy1=im2bw(wy); 
wy2=imcrop(wy1,[157 69 930 733]); 
Tareapixels=931*734; 
Tframepixels=(931*2)+(734*2); 
Tgridpixels=200; 
Tcurvepixels=bwarea(wy2)+Tframepixels+Tgridpixels; 
Area3=Tarea3*(1-Tcurvepixels/Tareapixels); 
title(['Area = ',num2str(Area3) ,'Unit Area']) 
xlabel('Scan Position (microns)') 
ylabel('Height (microns)'); 
 
% To determine the total pileup and total area 
Pileup=Area1+Area2; 
Trough=Area3; 
Total_Area=Area1+Area2+Area3; 
 
 
% Print the data to the command window 
fprintf('\n\nLeft pile up: %0.3f\n',Area1) 
fprintf('Right pile up: %0.3f\n',Area2) 
fprintf('Pileup: %0.3f\n',Pileup) 
fprintf('Trough: %0.3f\n',Area3) 
fprintf('Compiled Area: %0.3f\n',Total_Area) 
fprintf('Total Area: %0.3f\n',Area) 
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